Context: Obesity is associated with hypersecretion of cortisol and aldosterone and a high prevalence of arterial hypertension. At the cellular level, a direct effect of adipocytes on the expression of the steroidogenic acute regulatory (StAR) protein, a regulator of cortisol and aldosterone synthesis, and on aldosterone and cortisol secretion has been shown. However, the molecular mechanisms mediating this effect are not known. Objective: Wnt-signaling molecules are secreted by adipocytes and regulate the activity of SF-1, a key transcription factor in adrenal steroidogenesis. Therefore, we investigated whether adipocytes stimulate adrenal steroidogenesis through the activation of Wnt-signaling. Results: Using immunohistochemistry, we detected the expression of frizzled and b-catenin in the adult human adrenal cortex. Transient transfection of a Wnt-dependent reporter-gene into adrenal NCI-H295R cells showed an induction of Wnt-mediated transcription to 308% after treatment with human fat cell-conditioned medium (FCCM). This finding was paralleled by an induction of StAR promoter activity (420%) by FCCM. The induction of StAR promoter activity by FCCM was inhibited by 49% when Wnt-signaling was blocked by the soluble Wnt-antagonist secreted Frizzled-Related-Protein-1 (sFRP-1). Overexpression of a constitutively active mutant of b-catenin induced the transcription of the StAR promoter (440%). b-Catenin and FCCM induced SF-1-mediated transcription at a SF-1-driven reporter gene (420 and 402%, respectively). Furthermore, the secretion of aldosterone and cortisol by NCI-H295R cells induced by FCCM was significantly inhibited by the Wnt-antagonist sFRP-1. Conclusion: These data indicate that the Wnt-signaling pathway is one of the mechanisms mediating the effects of fat cells on adrenal StAR transcription and aldosterone and cortisol secretion.
Introduction
Obesity is associated with a high risk of arterial hypertension 1 and is characterized by hypersecretion of the adrenocortical hormones aldosterone and cortisol. 2-6 Both aldosterone and cortisol increase arterial blood pressure.
2,7,8
The obesity-induced increase in arterial blood pressure is inhibited by aldosterone receptor antagonists, 9 and aldosterone levels correlate well with obesity, suggesting an effect of adipocytes on aldosterone production. 2 Accordingly, our recent studies showed stimulation of adrenal steroidogenesis by adipocytes in vitro. Thus, fat-cell-derived products were shown to increase aldosterone and cortisol secretion in adrenocortical cells. 10 However, the molecular mechanisms mediating the effects of adipocyte-secretory products on adrenocortical cells are not understood. Adipocytes are endocrine glands and as such produce a variety of adipocytokines, for example, leptin, adiponectin and TNFa (reviewed by Bays et al.
11
), but none of those have so far been shown to mediate the effects of fat cells on steroidogenesis that have been described previously. 10 In addition, adipocytes secrete Wnt-signaling molecules. 12, 13 Wnts are extracellular ligands on transmembrane-receptors called frizzled and on low-density lipoprotein-coreceptors. Binding of ligand eventually leads to stabilization and nuclear translocation of the co-activator protein b-catenin. 14 b-Catenin co-activates T-cell factor/lymphoid enhancer factor transcription factors on canonical Wnt target-genes, and can also interact with a variety of different transcription factors. These include SF-1, a key regulator of adrenal steroidogenesis. [15] [16] [17] SF-1 binds to consensus sequences (AGGTCA) within the promoter of the gene encoding steroidogenic acute regulatory protein (StAR). 18 StAR activity is the rate-limiting step in steroidogenesis by regulating the intramitochondrial cholesterol transfer. 19 Therefore, in this study, we investigated whether adipocyte-derived products increase StAR transcription and aldosterone and cortisol secretion through Wnt/b-catenin signaling.
Materials and methods

Human tissues
Tissue samples of human white adipose tissue were obtained from healthy (20-to 35-year-old) women undergoing surgical mammary reduction (n ¼ 10). The patients were free of metabolic or endocrine diseases. The body mass index range of the donors was between 21.4 and 29.2 kg/m 2 (25.472.8, mean7s.d.). Informed consent was obtained from the patients after the nature of the procedure was explained and the study was approved by the ethical committee of the Heinrich-Heine-University Düsseldorf, Germany (study number 2292).
Light microscopy and immunohistochemistry of human adult adrenals Paraffin-embedded sections of human normal adult adrenal glands were immuno-stained with a rabbit polyclonal antibody to frizzled 1-10 (raised against a recombinant protein corresponding to amino acids 301-400 of human frizzled-2; Santa Cruz Biotech, Santa Cruz, CA, USA) or with a monoclonal mouse antibody to human b-catenin (Chemicon Int., Temecula, CA, USA) at room temperature. After 1 h, the sections were washed three times in phosphate-buffered saline and then incubated with the respective secondary antibody (EnVision System, DakoCytomation, Hamburg, Germany) and exposed to aminoethylcarbazole (red staining) or diaminobenzidine (brown staining) and eventually counterstained with hematoxylin.
Plasmid constructs
The plasmid TOPFLASH, a canonical Wnt reporter-gene, is commercially available (Upstate, Cell signaling solutions, Charlottesville, VA, USA). The plasmids for wild-type bcatenin and the constitutively active S45A mutant, 20 the SF-1 expression vector and the SF-1-driven reporter-gene (-65-Luc), 21 as well as the StAR-Luc reporter-gene 22 have been described previously. The plasmid pRL-TK was purchased from Promega (Mannheim, Germany).
Cell culture and transfection of DNA The human adrenocortical cell-line NCI-H295R has been described previously. 23, 24 NCI-H295R cells were cultured in Dulbecco's modified Eagle's Medium (DMEM)/F12 supplemented with insulin (66 nM), hydrocortisone (10 nM), 17b-estradiol (10 nM), transferrin (10 mg/ml), selenite (30 nM), 100 U/ml penicillin, 100 mg/ml streptomycin and 2% fetal bovine serum. 10 Cells were detached by using Accutase (PAA Laboratories, Cölbe, Germany) and transiently transfected with Fugene 6 reagent (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's protocol. Cotransfections were carried out with a constant amount of DNA that was maintained by adding the vector pcDNA3 (Invitrogen, Karlsruhe, Germany). In all experiments, 0.5 mg per well of Renilla luciferase reporter-gene (plasmid pRL-TK) were cotransfected to check for transfection efficiency (the relative luciferase activities presented in the figures are derived from firefly/renilla ratios). We transfected 0.5 mg of the firefly reporter-gene per well. When indicated, cells were incubated with fat cell-conditioned medium (FCCM), or the respective control media 24 h before harvest. The luciferase assay was performed as described previously. 25 Fat cell-conditioned medium The isolation of adipocytes and preparation of FCCM have been described previously. 10 In brief, adipose tissue samples of 20-60 g wet weight were obtained from surgical mammary reductions and immediately transported to the laboratory in DMEM/Nutrient Mix F12 (DMEM/F12, Life Technologies, Karlsruhe, Germany) supplemented with 2% bovine serum albumin (BSA), 100 U/ml penicillin and 100 mg/ml streptomycin. After removal of fibrous material and blood vessel the adipose tissue was minced and digested in Kreb's Ringer Bicarbonate buffer (KRB) containing 2% BSA and 120 U/ml collagenase type I from clostridium histolyticum (SigmaAldrich, Taufkirchen, Germany) in a shaking water bath for 45-60 min at 371C. Then, the digested tissue was filtered through nylon gauze (250 mm) and washed with KRB containing 0.1% BSA. For culturing, 2 ml of isolated floating adipocytes (containing approximately 12 million adipocytes) were transferred into culture flasks (Becton Dickinson, Heidelberg, Germany) containing 5 ml of cell culture medium (DMEM/F12 containing 15 mmol/l N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid and 2.5 mmol/l L-glutamine, supplemented with 1.125 g/l NaHCO 3 , 100 U/ ml penicillin and 100 mg/ml streptomycin). Cells were kept at 371C in a humidified atmosphere of 5% CO 2 /95% air and cultured for 24 h. After 24 h, the conditioned medium was collected, carefully avoiding the lipid floating on the top, and kept frozen at Â 201C until used. In addition, we quantified the proportion of contaminating cells by using primary antibodies against fibroblasts, endothelial cells (CD 31-antibody) and leukocytes (CD 45-antibody). These antibodies derive from mouse and were obtained from DAKO (Hamburg, Germany). Counterstaining was performed by
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Quantification of aldosterone and cortisol secretion by radioimmunoassay After incubation of NCI-H295R cells with FCCM or the respective control medium, aldosterone and cortisol in the supernatant of the cells were measured using a commercial radioimmunoassay (RIA) according to the manufacturer's protocol (DPC Biermann, Bad Nauheim, Germany).
Wnt-3a and Wnt-10b enzyme-linked immunosorbent assay Ninety-six-well plates were coated over night at 41C with 100 ml FCCM or recombinant Wnt-3a or Wnt-10b protein (R&D Systems, Wiesbaden, Germany), respectively. The supernatant was removed and blocking buffer (0.1% Tween-20, 3% BSA/tris-buffered saline (TBS)) was added for 90 min at 371C. Then, the plate was washed three times with a washing buffer (0.5% Tween-20/TBS) and the Wnt-3a or Wnt-10b antibody (R&D Systems, Wiesbaden, Germany) was added for 2 h at room temperature. Afterwards, the plate was washed three times before the secondary antibody followed by the streptavidin-HRP was added.
Statistical analysis
All data are presented as means7s.e.m. Statistical analysis was performed using Student's t-test. Significance was assumed at a P-value of less than 0.05.
Results
Wnt-signaling molecules are expressed in human adult adrenals It has been shown previously by reverse transcriptionpolymerase chain reaction (PCR) that frizzled receptors are expressed in human adrenals. 26 Here, we demonstrate the expression of b-catenin and frizzled in adult human adrenals at the protein level using immunohistochemistry. We used a rabbit polyclonal antibody to detect the frizzled subtypes 1-10 (raised against a recombinant protein corresponding to amino acids 301-400 of human frizzled-2). The staining in response to incubation with the Frizzled antibodies were most intense in the zona glomerulosa ( Figure 1 , left panel).
Adipocyte-derived factors induce Wnt-signaling and StAR promoter activity in adrenocortical cells NCI-H295R cells are a well-established model to study steroidogenesis in adrenocortical cells. 23, 24 In this study, we
show that secretory products from mature human adipocytes induce Wnt-signaling in adrenocortical NCI-H295R cells.
As demonstrated in Figure 2 , the transcription of a Wnt reporter-gene (TOPFLASH) is induced to 308% as compared to controls (Po0.05) after transfection of TOPFLASH into adrenocortical NCI-H295R cells and incubation with FCCM for 24 h. We quantified the number of contaminating cells in the fat cell culture and we found 10 fibroblasts per 1 million adipocytes and detected no endothelial cells or leukocytes (data not shown). Fat cell products have been shown to induce StAR transcription as assessed by quantitative TaqMan PCR. 10 In line with these findings, we show an induction of a StAR reporter-gene after transfection into NCI-H295R cells and treatment with FCCM (379% of control, Po0.05) (Figure 3a) . Our previous work showed that the candidate adipocytokines leptin, adiponectin and TNFa could not mimic the stimulatory effect of FCCM on steroidogenesis. 10 Here, we
show for the first time, that fat cell secretory products contain Wnt-signaling molecules. We found high levels for both Wnt-10b (mean: 32 ng/ml; range: 16-66 ng/ml) and Wnt-3a protein (mean: 16 ng/ml; range: 11-26 ng/ml) in fat cell-conditioned media from five different patients (data not shown). 
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We hypothesized that these Wnt-signaling molecules secreted by adipocytes are candidates to mediate the stimulatory effect of FCCM on StAR transcription. To test this hypothesis, we inhibited Wnts within the FCCM by using the antagonist secreted Frizzled-Related-Protein-1 (sFRP-1) (10 ng/ml). We found a significant inhibition by 49% (Po0.05) of the FCCM-induced StAR-promoter activation after inhibition of Wnt-signaling (Figure 3a) , demonstrating that Wnt-signaling is required to mediate the full effect of fat-cells on StAR transcription.
Furthermore, we studied whether canonical Wnt-signaling activates the transcription of the StAR promoter through b-catenin in adrenocortical NCI-H295R cells. Cotransfection of a constitutively active mutant of b-catenin (S45A) 20 led to a dose-dependent activation of StAR promoter activity with a maximal activation of 442% as compared to controls (Po0.05) (Figure 3b ). These data define StAR as a target gene for canonical Wnt-signaling in adrenocortical cells.
Adipocyte-derived factors and b-catenin induce SF-1-mediated transcription in adrenocortical cells
We investigated the effect of b-catenin and FCCM on SF-1 transcriptional activity in adrenocortical cells. The transcription factor SF-1 is a crucial regulator of the transcription of the gene encoding StAR 19 and synergises with b-catenin at the a-inhibin promoter in placental carcinoma cells. 15 Here, we demonstrate that b-catenin co-activates SF-1-mediated transcription in adrenocortical cells (420%, Po0.05) (Figure 4 ). FCCM induces Wnt/b-catenin-signaling in adrenocortical cells (Figure 2 ). Therefore, we tested the effect of FCCM on SF-1-transcriptional activity. The effect of FCCM on SF-1-mediated transcription was comparable (stimulation to 402%, Po0.05) to the stimulation induced by b-catenin (420%) (Figure 4 ). These data suggest a Increasing amounts of b-catenin S45A were cotransfected when indicated. Twenty-four hours after stimulation, the cells were harvested and luciferase activity was determined. The luciferase activity is expressed as percentage of the mean value of the activity measured in the untreated controls. Values are means7s.e. of three independent experiments, each carried out in triplicate. *, Po0.05 (Student's t-test).
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Adipocyte-derived factors induce aldosterone and cortisol secretion through Wnt-signaling As shown above FCCM induces StAR gene transcription and this effect is inhibited by a Wnt-antagonist (Figure 3a) . StARactivity is the rate-limiting step in steroidogenesis; 19 therefore, the effect of FCCM through Wnt-signaling on aldosterone and cortisol secretion by FCCM was investigated. After NCI-H295R cells were treated with FCCM for 24 h, aldosterone and cortisol in the supernatant were measured by RIA. In this study, we confirm the stimulation of cortisol and aldosterone secretion by NCI-H295R cells in response to FCCM. As shown in Figure 5a , FCCM induced cortisol secretion (180% of untreated controls, Po0.05) and this effect was dose-dependently inhibited by the Wntantagonist sFRP-1 with a significant inhibition (Po0.05) using sFRP-1 at a concentration of 10 ng/ml. Similarly, FCCM stimulated aldosterone secretion (250% of untreated controls) and this effect was significantly inhibited (Po0.05) with the maximal dose of sFRP-1 (Figure 5b ). These results suggest that Wnt-signaling is one of the mechanisms, through which fat cells stimulate adrenal aldosterone and cortisol secretion.
Discussion
Currently, we are observing an alarming increase in obesity and related diseases such as type 2 diabetes mellitus or arterial hypertension in western countries. 27, 28 Obesity is characterized by hypersecretion of aldosterone and cortisol, both of which are known to increase blood pressure. Notably, the increased aldosterone levels in obesity do not always correlate with increased plasma renin levels.
2,5,29,30
The precise mechanisms of obesity-induced hypersecretion of these hormones are not fully understood but the correlation of aldosterone levels with body fat mass in 11 ). However, none of those are involved in the adipose-adrenal interaction leading to the increased steroidogenesis described previously. 10 Wnt-signaling molecules are expressed in adipocytes 12, 13 and furthermore, here, we demonstrate the secretion of Wnt10b and Wnt-3a by adipocytes. Therefore, we speculated that Wnt-signaling can mediate effects of adipocytes on adrenal steroidogenesis. Wnts are ligands on seven-transmembrane receptors called frizzled.
14 Here, we demonstrate the expression of frizzled receptors on human adult adrenals at the protein level ( Figure 1 ). Wnts regulate adrenal development. 33, 34 Thus, ablation of Wnt-4 in mice leads to reduced aldosterone synthesis. 34 However, over the recent years, it has become evident that Wnt-signaling also controls metabolic functions in the adult organism. These include glucosesensing in insulin-producing b-cells 35 and the differentiation of adipocytes. 12, 13 In this study, we show an interaction between adipocytes and adrenocortical cells through canonical Wnt-signaling in vitro (Figure 2 ). Adipocytes are found within the adrenal cortex, allowing paracrine interactions with adrenocortical cells. 10 However, Wnt-signaling molecules were also shown to be secreted into the bloodstream and to elicit systemic effects. 36, 37 Therefore, systemic effects of adipocyte-derived Wnts on adrenocortical cells in vivo cannot be ruled out and are subject to further studies. In this study, we confirm the regulation of StAR gene expression by fat cell products (Figure 3a) . Furthermore, we demonstrate that the adipocyte-induced activation of StAR promoter activity can be inhibited when Wnts in the FCCM are blocked (Figure 3a) . Consistently, b-catenin activates the StAR gene promoter in adrenocortical cells (Figure 3b ), thereby defining StAR as a target gene for canonical Wntsignaling in adrenocortical cells.
In line with our findings on the transcriptional regulation of the StAR gene, we confirm that adipocytes stimulate aldosterone and cortisol secretion by adrenocortical cells (Figure 5a and b) . Interestingly, this effect can be inhibited after blocking Wnt-signaling (Figure 5a and b) , indicating that adipocyte-derived Wnts contribute to the effect of fat cells on aldosterone and cortisol secretion. Notably, the effect of adipocytes on StAR gene transcription and on hormone secretion was not completely inhibited when Wnt-signaling was blocked (Figure 3a, Figure 5a and b) . These results suggest that other signaling pathways in addition to Wnts are involved in the adipocyte-induced activation of StAR. Given the vast endocrine activity of adipocytes, it is not surprising that the combination of several signaling molecules rather than one single pathway mediates the effects of adipocytes on adrenocortical cells. It will be of scientific and clinical interest to identify further signaling molecules involved in the adipo-adrenal interaction.
b-Catenin is a central player in canonical Wnt-signaling, and studies by Gummow et al. 15 and Jordan et al. 17 have
shown a functional synergy between b-catenin and the transcription factor SF-1. SF-1 is an orphan nuclear receptor and regulates the transcription of steroidogenic genes, including StAR. 18 Functionally, b-catenin has been shown to co-activate SF-1-mediated transcription on the a-Inhibin promoter and on an artificial reporter-gene driven by multimerized SF-1-binding sites. 15, 17 Co-immunoprecipitation assays suggest a direct physical interaction between b-catenin and SF-1 to be one mechanism through which b-catenin co-activates SF-1. 15 In extension to these findings, here, we demonstrate that b-catenin co-activates SF-1-mediated transcription on a multimerized SF-1-driven reportergene in adrenocortical cells (Figure 4 ). This effect can be mimicked by FCCM (Figure 4 ), suggesting that FCCM acts on the StAR promoter through stabilization of b-catenin and subsequent co-activation of the transcription factor SF-1.
In conclusion, our findings demonstrate an interaction between adipocytes and adrenocortical cells through the Wnt-signaling pathway, resulting in increased StAR promoter activity and aldosterone and cortisol secretion. At the molecular level, fat cell products and activated b-catenin stimulate SF-1-transcriptional activity, suggesting that this is one mechanism of Wnts to regulate StAR transcription. This adipo-adrenal interaction through Wnt-signaling might represent a molecular link between obesity and arterial hypertension.
